Among the many anthropogenic modifications to earth's ecosystems, habitat loss and degradation pose the most immediate threat to many biota. The predicted consequences of fragmented habitats include lower species diversity, smaller population sizes, disrupted gene flow, increased drift and inbreeding and increased differentiation between neighbouring populations; all of which are thought to be further enhanced in species with low dispersal abilities. These factors, especially when occurring in tandem, can lead to an increased risk of extinction. To examine the genetic consequences of habitat fragmentation we selected an isolated population of a sedentary woodland specialist species (Rhinolophus hipposideros) to act as an indicator of disruptions to landscape level connectivity. Based on 491 individuals from 37 colonies our results revealed the presence of a broad North-Range/South-Range differentiation within this species in Ireland; a finding supported across datasets (mtDNA and nuclear microsatellites) and analyses. Analyses of echolocation data and microsatellites suggested further differentiation of the northern-most colonies. A landscape genetics framework to assess the impact of habitat versus geographic distance on population differentiation showed that habitat features (at a five km resolution) were equally likely to be correlated with differentiation as geographic distance considered alone. Further differentiation of the geographically disjunct groups is likely to occur in the future. The viability of either group alone is uncertain given their restricted distribution, small population sizes (based on census data and N e estimates) and isolation. Roost provision and habitat restoration in the geographic region separating the differentiated groups will be fundamental to the recolonization of this area and the reestablishment of connectivity between the regional groups.
INTRODUCTION
The negative manmade impacts on earth's ecosystems are now well documented and include habitat loss and fragmentation, pollution (including light pollution), species reductions and extinctions, alien species introductions and disease transmission (Vitousek et al., 1997) . Although some synanthropic species and others which are predicted to experience range expansions in light of global warming may benefit from human induced changes (e.g., Ancillot to et al., 2016; Uhrin et al., 2016) , these will be the exception rather than the rule (Rebelo et al., 2010; Sherwin et al., 2013; Voigt and Kingston, 2016) . Bats are especially at risk due to their slow reproductive rate, high metabolism necessitating elevated food requirements, and longevity (Voigt and Kingston, 2016) . The most significant global challenges for conservation are anthropogenic habitat loss and fragmentation, human-induced climatic changes and the interaction between these two (Opdam and Wascher, 2004; Tylianakis et al., 2008) . However, the threshold beyond which species severely decline or become extinct is predicted to be reached sooner for habitat loss, considering climate change, habitat fragmentation and the combined effects of these (Travis, 2003) . Fragmented habitats reduce the available foraging and roosting areas and the distances between fragmented patches can act as barriers and impede exchange between habitat islands. Genetic consequences of habitat fragmentation include increased genetic drift, inbreeding, population differentiation and increased risk of extinction. Smaller habitat patches are known to support lower species diversity and smaller population sizes (Ewers and Didham, 2006; Struebig et al., 2008) . In smaller and more isolated populations the effects of drift are accentuated and can be enhanced even further by species ecology (e.g., species with a limited capacity for dispersal -Struebig et al., 2011) . Gene flow is also predicted to be disproportionally disrupted in species with low dispersal capacities when living in fragmented habitats (Rossiter et al., 2012) . Therefore, to examine the possible effects of habitat fragmentation on species' population genetic structure we selected a small and isolated population of a woodland specialist species which is known for its limited dispersal ability (e.g., Bontadina et al., 2002; Holzhaider et al., 2002; Motte and Libois, 2002) .
Rhinolophus hipposideros (Borkhausen, 1797 ) is an old lineage (Foley et al., 2015; Dool et al., 2016a) , widely distributed throughout the western Palaearctic (Dietz et al., 2009) . This species can be somewhat flexible in terms of ecology, but is considered at least in central and western Europe to be strongly associated with broadleaf woodland in close proximity to water (Bontadina et al., 2002; Holz haider et al., 2002; Motte and Libois, 2002; Reiter, 2004; Boughey et al., 2011) . This species is well adapted to foraging in cluttered environments with short, broad and rounded wings and constant high frequency echolocation calls. However, these adaptations are ill-suited to long-distance dispersal and this species is known to be particularly sedentary, usually foraging within < two km of the roost in summer (Bontadina et al., 2002; Holzhaider et al., 2002; Motte and Libois, 2002; Zahn et al., 2008; Farcy et al., 2009; Reiter et al., 2013) and travelling 10-20 km between summer and winter quarters (Issel, 1950; Gaisler and Hanák, 1969 ). This species is also known to avoid flying over open areas and instead follows close to woodland edges, tree lines or established hedgerows when travelling to and from foraging grounds (Motte and Libois, 2002; Zahn et al., 2008) . The importance of such features however, is dependent upon levels of woodland availability immediately surrounding the roost (i.e., in heavily wooded landscapes hedgerow elements become less critical -Holzhaider et al., 2002; Tournant et al., 2013) . Due to its specific ecological requirements and sensitivities, R. hipposideros is an ideal indicator species with which to assess the impacts of habitat fragmentation (Tournant et al., 2013) .
Both the northern and western limits of the distribution of R. hipposideros occur in Ireland. Within Ireland this species is found only in the west of the country and colonies are distributed unevenly, occurring in clusters separated by areas of intervening habitat containing few or no colonies (see figure 1 in both Kelleher, 2004; McAney et al., 2013) . Modern records of this species began in 1858 by which time the 'west-only' distribution was already established (Moffat, 1938) . There are no historic records outside this distribution apart from an undated tibia bone from Kilgreany cave in county Waterford, found with now extinct fauna (wolf, wild cat, wild boar; Movius et al., 1935) . It is likely R. hipposideros colonised Ireland when the land was fully covered in oak woodlands (by ca. 7,000 years ago - Brewer et al., 2002; Mitchell, 2006) and was once more widely distributed than today. Drastic levels of deforestation took place with the arrival of the first Neolithic settlers and intensified over time, such that by the 1600's woodlands accounted for just 1.2% of land-cover (Rackham, 1995) . Ireland today remains one of the least forested countries in Europe with broadleaf and mixed forestry accounting for 0.41% and 0.99% of the total land-cover respectively, with agricultural areas (68.13%), in particular pasture (54.61%) dominating the landscape (CORINE 2012 data -Lydon and Smith, 2014) . Rhinolophus hipposideros in Ireland has previously been shown to have the lowest levels of genetic diversity among all populations sampled across the species distribution (Dool et al., 2013) and is also thought to be relatively isolated from the nearest populations in the UK and France. For these reasons and due to the long-standing low level of woodland available for this species in Ireland, the Irish population was considered to be an ideal indicator population to assess the effects of habitat fragmentation on a woodlandspecialist species.
In the current study, population genetic structure was characterised using maternally inherited mitochondrial DNA (mtDNA) and bi-parentally inherited nuclear microsatellites. Echolocation peak frequency was also measured, as within small and isolated populations, drift will act more strongly and divergent selection to the local environment may also occur. If echolocation calls become too differentiated, this may limit or prevent reproduction when neighbouring populations come in contact due the communicative role of echolocation and its potential role in mate choice (demonstrated in other Rhinolophus species - Puechmaille et al., 2014) .
MATERIALS AND METHODS

Sampling
Sampling was conducted at summer roosts selected to represent the species distribution in Ireland using mist-nets or hand-nets and included collection of dead specimens (June and September 2007; May-September 2008 - Table 1 and Fig. 1 ). Roost visitation ceased between early June and mid-July to avoid disturbance of heavily pregnant or lactating females with new-born pups. Fieldwork was conducted under licence from the National Parks and Wildlife Service in Ireland and complied with guidelines for the use of wild mammals in research by the American Society of Mammalogists (Sikes et al., 2011) . For each specimen age and sex were recorded and a non-lethal wing-biopsy was taken as described in Dool et al. (2013) . Echolocation calls were recorded from handheld bats using a D1000x ultrasound detector (Pettersson Elektronik AB, Uppsala, Sweden) and a sampling frequency of 384 kHz.
DNA Extraction and mtDNA Analysis
Tissue samples were stored in silica gel (Sorbead orange Chameleon, Hannover, Germany) at -20°C. Whole genomic DNA was extracted using a modified salt-chloroform extraction as described in Puechmaille et al. (2011) . The mtDNA sequences (1,629 bp) encompassing the cytochrome b, tRNAs threonine and proline and partial control region were taken from Dool et al. (2013) (n = 76 individuals; GenBank accessions in Supplementary Table S3) . Sequences were used to construct a median-joining haplotype network using NETWORK v. 4.6.1.1 (Ban delt et al., 1999) to characterise the level of population structure. A substitution rate of 1.8% (per site per million years; CI 1.4-2.1% - Dool et al., 2013) and a generation time of two years (Gaisler, 1966) were used to estimate dates for past demographic events. Changes in effective population size (N e ) through time were investigated by calculating a mismatch distribution following Rogers and Harpending (1992) in ARLEQUIN v. 3.5.1.3 (Excoffier and Lischer, 2010 ) using 1,000 replicates. The time of expansion was dated using the Mismatch Cal culator (provided by the authors, Schenekar and Weiss, 2011) . Mo lecular diversity statistics and pairwise F ST values were calculated in ARLEQUIN for geographic groups based on support for these from the microsatellite results (1,000 permutations). selected K as above. These runs were summarised and visualised using CLUMP and DISTRUCT v. 1.1 (Rosenberg, 2004) . BAPS was used under the settings of clustering of groups of individuals, with no admixture, for K 1-5 with 10 runs at each value of K. Once the most likely number of clusters was found (based on log marginal likelihoods), admixture based on mixture clustering was implemented with 100 iterations to estimate the admixture coefficients, 200 reference individuals and 20 iterations to estimate the admixture coefficients of the reference individuals. Gene flow estimates between and within inferred clusters were estimated based on the relative average amounts of ancestry in the source clusters among the individuals assigned to that cluster (Tang et al., 2009) , using the 'plot gene flow' function in BAPS. To complement the Bayesian methods, the dataset was analysed using a Principal Components Analysis (PCA) implemented in the adegenet package (v. 1.4-0; Dray and Dufour, 2007; Jombart, 2008) in R, based on centred allele frequencies at the colony level. Effective population size (N e ) was calculated in NEESTI-MATOR v. 2.01 (Do et al., 2014) using the Linkage Disequilibrium method (Waples and Do, 2010) , random mating and a range for the lowest allele frequencies used in the estimation. As a number of factors are known to bias the estimation of N e , including the presence of overlapping generations and multiple lifetime reproductive events, both of which are assumed for most bat species, we calculated this metric using juveniles only as well as all age classes. Historic changes in N e were reconstructed using a full-likelihood Bayesian method implemented in MSVAR v. 1.3 (Beaumont, 1999; Storz and Beaumont, 2002) . Three independent chains were run for each colony with all parameters as in (Dool et al., 2016b) . Sex-biased dispersal was examined in FSTAT based on mean assignment, variance of assignment, F ST , F IS and H S , 10,000 permutations and a onesided test for significance (Goudet et al., 2002) . Assumptions for this test include that dispersal occurs at the juvenile stage 
Microsatellite Amplification
Eleven microsatellite loci were amplified in three multiplex reactions for 491 individuals of R. hipposideros sampled at 37 localities (Table 1 and Fig. 1 ). All loci were developed for R. hipposideros during a previous study (Puechmaille et al., 2005) , with additional loci from this study published in Struebig et al. (2011 ), Rossiter et al. (2012 and Dool et al. (2013) . Total reaction volumes were 7 μl for each multiplex, using 1× Multiplex PCR Master Mix (Qiagen, Hilden, Germany), 1 μl DNA (10 ng/μl), primer concentrations and annealing temperatures as reported in Table 2 , and multiplex amplification conditions as described in Puechmaille et al. (2005) . A DNA Engine Tetrad thermocycler (MJ Research, MA, USA) was used for the PCR reactions and all products were run on an ABI Prism 3730xl Genetic Analyser (Applied Biosystems, CA, USA). Amplified regions were sized with an internal lane standard (400HD ROX) and the software GENEMAPPER v. 4.0 (Ap plied Biosystems, CA, USA). A random subset of the samples (10%) was reamplified to ensure genotyping consistency.
Population Genetics
Departures from Hardy-Weinberg and linkage equilibrium were tested at the colony level in FSTAT v. 2.9.3.2 (Goudet, 2001) and the neutrality of loci was assessed using LOSITAN v. 1.0.0 (Beaumont and Nichols, 1996; Antao et al., 2008) . Genetic diversity indices and allelic frequencies were calculated in FSTAT and ARLEQUIN. Population differentiation was inferred by calculating F ST in ARLEQUIN (20,000 permutations) and D ST in the DEMETICS package (Gerlach et al., 2010) in R v. 3.0.1 (R Core Team, 2013), with 1,000 replicates. Population structure was examined using the Bayesian clustering algorithms: STRUCTURE v.2.3.4 (Pritchard et al., 2000; Falush et al., 2003) , TESS v. 2.3.1 (Chen et al., 2007; Durand et al., 2009) and BAPS6 (Corander and Marttinen, 2006; Corander et al., 2008) . STRUCTURE was implemented through PARALLEL-STRUCTURE (Besnier and Glover, 2013 ) under the admixture model, 20 iterations for each value of K (1-5), MCMC run lengths of 1 million, burn-in of 10%, with population identity used as a prior (locprior) and allele frequencies correlated. These runs were also repeated without locprior. Run and burnin lengths were selected following the convergence of summary statistic values in preliminary runs. Estimates of K were made using the novel estimators of K (MedMeaK, MaxMeaK, MedMedK, MaxMedK -Puechmaille, 2016) in addition to the Evanno method (Evanno et al., 2005) . Outputs were summarised and visualised using CLUMPAK (Kopelman et al., 2015) . To calculate the novel estimators of K, neighbouring colonies with low samples sizes were pooled to achieve a minimum sample size of 9 and STRUCTURE was rerun using these groups, with and without locprior as described above. Runs were conducted with a range of threshold values for membership coefficients to inferred clusters (0.5, 0.6, 0.7, 0.8 -Puech maille, 2016). Analysis in TESS was implemented first under a model of no admixture, with 100 runs at each value of K (1-5) for 50,000 sweeps with 20% burn-in. This analysis was repeated with a range of values for the spatial interaction parameter (ψ, 0.6, 0.7, 0.8, 1.0). The 20% lowest scoring (DIC) runs for each value of K were summarised in CLUMP v. 1.1.2 (Jakobsson and Rosenberg, 2007) . The most likely value of K was selected based on average DIC values for each K plotted against the value of K. 500 admixture runs were conducted at the before reproduction and that individuals are sampled post dispersal. We therefore only used adults in this analysis.
Landscape Genetics Isolation by distance, least cost path and isolation by resistance
A Mantel test comparing geographic distances versus genetic distances (microsatellite-based pairwise F ST ) between colonies was carried out using the ecodist package (Goslee and Urban, 2007) in R to assess support for the presence of isolation by distance (10,000 permutations). Habitat suitability maps based on species distribution modelling and appropriate landscape and climatic variables were available for R. hipposideros in Ireland at a five km resolution (Lundy et al., 2011) . Rhinolophus hipposideros presence in Ireland was found to be positively associated with broadleaf woodland and thereafter mixed-forestry woodland regionally (AUC 0.94 - Lundy et al., 2011) . The shap efile was converted to raster (ASCII) in R v. 3.2.2 using the packages rgdal v. 1.1-1 (Bivand et al., 2015) and raster v. 2.4-20 (Hijmans, 2015) . A resistance surface was generated from the habitat suitability output with costs (in terms of resistance) of moving through the landscape calculated between the 37 colo nies sampled in this study using the gdistance package v. 1.1-4 (van Etten, 2012) in R. Correlation tests between both commute distance (effective resistance between colonies in the resistance surface) and least cost path distance and genetic distance (F ST ) were implemented in gdistance to examine whether habitat variables were a better predictor of spatial population genetic structure than geographic distance alone. We also used partial Mantel tests in R to examine the relationship between genetic and geographic distances when controlling for other measures of geographic distance (e.g. F ST and resistance distance, corrected for geographic distance).
Echolocation recording and analysis
Using BatSound v.3.31 (Pettersson Elektronik AB), the peak frequency of the second (dominant) harmonic of the CF component of the call was determined from a power spectrum generated after calls were passed through a Fast Fourier Trans form 2048 points with Hanning window, offering a frequency resolution of 263 Hz. The dataset was split in to four categories for anal ysis: adult female, adult male, juvenile female, juvenile male as echolocation differences between these classes are known (Jones et al., 1992) . Correlations between peak frequency and the variables: forearm length, body mass, latitude and longitude were tested using Pearson's product-moment correlation in R.
A complex interaction between relative humidity, temperature and frequency determines the attenuation of sound in the air (Lawrence and Simmons, 1982) . The level of attenuation in turn determines the maximum distance of prey detection, with higher attenuation values reducing the distance over which bats can detect prey. Atmospheric attenuation was calculated in R for each colony (using adult females only; min. sample size 4) as in Puech maille et al. (2011) using site specific yearly averages of mean, minimum and maximum air temperatures and relative humidity (at two m above ground, data averaged over [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] . These data were available from MINES Paris Tech (Wald et al., 2004 ; http://www.soda-is.com). Site specific attenuation was also calculated taking the average peak frequency (PF) of R. hipposideros adult females in Ireland (112.26 kHz). Additionally, a Mantel test between differences in PF distance and genetic distance (F ST ) was calculated in R using the ecodist package (10,000 permutations). This calculation was repeated using a partial Mantel test correcting for geographic distance and again correcting for resistance distance.
RESULTS
mtDNA
Within the Irish population of R. hipposideros 12 haplotypes were found among the 76 individuals, with a maximum of six bp between the two most distant haplotypes (Fig. 2) . The central haplotype in the network occurred at high frequency (n = 40) and was found only in the south of the species distribution in Ireland. The distribution of haplotypes showed some geographic structure: all individuals from the southern part of the species distribution shared the single high frequency haplotype or a haplotype one base-pair from it, whilst the northern individuals appeared more diverse and were further from the central high frequency haplotype. How ever, as the number of haplotypes discovered is heavily dependent on sampling intensity we conducted a resampling method with 18 individuals (the sample size of the smallest group: North-Range col o nies, discussed below) resampled with replacement 100,000 times. Significance was estimated as the proportion of randomly picked data sets with a number of haplotypes equal to or greater than the number of haplotypes found in the North-Range colonies (i.e., 6). Re sam pling showed that the haplotypic diversity was significantly higher in the NorthRange (P = 0.03). No haplotypes were shared across the full species distribution (with one exception) in spite of the small geographic scale involved (221 km from North to South). A demographic expansion only was supported by both the starburst pattern in the network and by the mismatch distribution (tau = 1, P SSD = 0.01, P RAG = 0.006, Theta0 = 0-0.561, Theta1 = 1.21-1474.695) estimated to have occurred 17,052 years ago (CI 14, 924) . Lev els of genetic diversity were calculated for two broad geographic groupings based on support for these in the micro satellite dataset: South-Range (colonies 1-21; counties Cork, Kerry) and NorthRange (colonies 22-37; counties Lime rick, Clare, Galway, Mayo). Diversity was substantially higher in the North-Range group than in the South-Range (Table 3 ) despite a far greater sampling effort in the South. Pairwise Φ st between these two groups was highly significant (Φ st = 0.348, P < 0.001). Table 1 and Fig. 1 ). Pie-charts indicate the relative proportions of haplotypes found at that site
Population Genetics Inferred from Microsatellite Data
No loci were found to be in linkage disequilibrium, nor was there evidence for any loci under selection. Significant deviation from Hardy-Weinberg equilibrium was detected in a single colony (colony 8 - Table 1 and Fig. 1 ) which was a male-only aggregation. Measures of molecular diversity were equal ly low across all colonies in Ireland (H E 0.48-0.66 - All three Bayesian Clustering methods detected at least two geographically distinct sub-populations in Ireland (Fig. 3) : the North-Range colonies versus the South-Range colonies. The most likely value of K found by STRUCTURE (with locprior, Evanno method) was three, with the two main groups described above and a third cluster to which the male aggregation (colony 8; South-Range) and three of the most northerly sampled colonies belonged (colonies 34-36; North-Range). At higher values of K the most northerly colonies (33-37 at K 4-5) became increasingly differentiated (data not shown). Struc ture runs without locprior produced similar though not as clear results. Under the grouping scheme to use the novel estimators of K, the most likely solution was four for all estimators at membership coefficient thresholds up to 0.7. The single exception was the estimator MedMeaK which supported K = 3 at thresholds of 0.6 and above. The four clusters were: North-Range colonies/South-Range colonies/ male only aggregation (colony 8) with very northern colonies (34, 35)/northern colonies 33 and 37; with the greatest distinction between the North and South-range groups.
TESS and BAPS both broadly supported the North-Range/South-Range division with two Table 1 and Table 1 and Fig. 1 . The variance explained by the first and second axes was 18.46% and 10.72%, respectively between the North and South-Range colonies. The principal components analysis (Fig. 4 ) also supported the two geographic groupings: North-Range versus South-Range with one northern colony (36) more allied with the South-Range group and one southern colony (15) more allied with the NorthRange group. The North-Range and South-Range groups both contained alleles unique to their geographic group (16% and 17%, respectively), but regionally specific alleles were not present in colony 36. There was no statistical support for sex-biased dispersal whether the colonies were taken as populations or whether North-Range/South-Range groups were used (P = 0.17-0.93; 19 colonies with a minimum of two individuals of each sex, n = 175; North-Range/South-Range, n = 285). Current effective population sizes were very low and were not substantially affected by the inclusion of single age cohorts versus all age classes, nor by the inclusion of alleles occurring at low frequency (Table 5 ). In general, the estimates of N e were higher in the South-Range group relative to the NorthRange group. Changes in historic effective population sizes were supported in 31 of the 37 colonies sampled. All were reductions in size relative to the inferred ancestral population and ranged between 3-37% with no geographic differences in levels of decline (Fig. 5) . Estimates of current and ancestral population sizes all had wide 95% highest probability density intervals as did time estimates.
Landscape Genetics
Although a pattern of isolation by distance was statistically significant, the variance explained was low (r = 0.32, P < 0.001, n = 37 colonies). Thus biologically, geographic distance alone is not the main factor influencing genetic differentiation for R. hipposideros at the scale investigated (Fig. 6A) . Least cost path and resistance distances performed equally well in predicting genetic differentiation (r = 0.29, P < 0.001; r = 0.32, P < 0.001, respectively, n = 37 colonies for both analyses). None of the three measures remained significant once they were corrected for the other distances.
Echolocation
Adult females of R. hipposideros in Ireland echo locate on average over three kHz higher than Conservation genetics of Rhinolophus hipposideros in a fragmented landscape 385 adult males and juveniles echolocate slightly lower than adults of the same sex (Table 6 and Supplementary Table S3 , all juveniles were volent).
Although there is some overlap in frequencies used, most adult females used frequencies above 110 kHz and most adult males used frequencies below this (Sup ple mentary Fig. 1 and Sup plementary Table  S3 ). Only comparisons in volving adult females and geographic measures were both significant and highly correlated, i.e. the peak frequency of adult females was positively cor related with latitude (r = 0.45, P < 0.001, n = 30 colonies - Fig. 7A ) although this relationship disappears when the four most north erly colonies (col onies 34-37) are removed (r = 0.006, P = 0.95, n = 26 colonies). Attenuation values were not constant across the distribution suggesting that variations in echolocation PF are not due to selection to low attenuation values (Fig. 7B) . The most northerly colonies (colonies 34-37) had higher attenuation than they would have if they used the average frequency for adult female R. hipposideros in Ireland (112.26 kHz) suggesting that their utilisation of higher PF is slightly maladaptive considering atmospheric attenuation. These results were unchanged whether mean, minimum or maximum values were used for air temperature or humidity (data not shown). Echolocation PF was significantly correlated with genetic distance (r = 0.25, P = 0.05, n = 37 colonies) but this was no longer the case when geographic distance (r = 0.17, P = 0.17, n = 37 colonies) or resistance distance (r = 0.13, P = 0.30, n = 37 colonies), were accounted for. 
DISCUSSION
As Ireland is an island and the lesser horseshoe bat has a west-coast only distribution, the Irish population is considerably isolated from any other European population of the species. Hence it is important to ensure connectivity among all of the colonies in Ireland to limit drift and the loss of genetic diversity, as the species cannot recover diversity through genetic exchange with other Euro pean populations. The population of R. hipposideros in Ireland has previously been shown to be the least genetically diverse among 86 localities sampled across the species distribution (Dool et al., 2013) . Differ entiation from the nearest populations in England and Wales using the same 11 microsatellite loci as in the current study was high (average F ST 9.6%) and when these UK populations were included in our STRUCTURE analysis little to no admixture was indicated between the two (data not shown), suggesting no current genetic exchange. The mtDNA data do not suggest a colonisation of Ireland from the south coast as found in tree species (Mitchell, 2006) , but that it more likely proceeded from the east coast, from Eng land and/or Wales, based on haplotypes present in these and other surrounding countries (Dool et al., 2013) . The peninsular and mountainous nature of the currently occupied range in Ireland in addition to the severely reduced habitat availability for this sedentary spe cies would all enhance the likelihood of distinctions between mtDNA groups being maintained.
Within Ireland, the results of this study strongly support the differentiation of the national population into two main groups (North-Range, South-Range). These distinct groups were supported by consensus across datasets and analyses methods: mtDNA haplotype network and pairwise Φ st values, nuclear microsatellite regional private alleles, pairwise F ST and D ST , Bayesian clustering algorithms and Principal Component Analysis. The analyses incorporating measures of geographic distance showed that geographic distance when considered alone was a poor predictor of genetic differentiation, despite the geo graphically patchy distribution of the species. Also, the genetic difference between colonies direct ly either side of the distributional gap (between North and South-Range groups) is no greater than would be predicted given the geographic distance separating them. When considering habitat variables and landscape resistance in geographic distance meas ures (i.e. least cost distance, resistance distance) the predictive power was equivocal to simple Euclidian distance (i.e. isolation distance), implying that the habitat suitability is not influencing genetic differentiation more strongly than geographic distance alone. This unexpected result (given the known hab itat preferences and tendency for limited dispersal in this species) could be due to several factors. The CORINE 2006 land-cover classes used in the species distribution modelling and habitat suitability predictions, possibly could not accurately classify very small habitat patches such as hedgerows and small groups of trees. Given the very low level of preferred habitat available (broadleaf woodland, 0.41% of national land-cover), these very small habitat patches occurring on a fine-scale may play It also could be that given the almost totally deforested landscape, no regions contain habitat which is substantially superior to elsewhere in the distribution and the availability of suitable roosts may play a more important role. In the geographic region where the population genetic results support a reduction in gene flow (between North and South-Range groups) there is no known physical barrier. Colonies were known to occur within this region until the mid to late 1980s. Whilst alterations to the roost sites themselves have been identified in several cases, habitat loss in the vicinity of at least one roost is also documented (Roche, 2001 ) but the precise cause of the loss of these colonies is unknown. The loss of colonies and reductions in colony size are also documented throughout the species distribution in Ireland (McAney, 1994; Kelleher, 2004; McAney et al., 2013) . However, if the colony density was historically lower in some areas then local extinctions would be more likely to occur in such places. The loss of these colonies is probably too recent to generate a very strong genetic signal of differentiation, particularly given the generation time, population structure, dynamics and growth rate, low dispersal distances and overlapping generations in R. hippo si deros (see Epps and Keyghobadi, 2015 for a review). However, the differentiation is likely to become increasingly apparent with time unless colonies can be encouraged to recolo nise this area. Higher values of K in the STRUCTURE analysis supported further differentiation of the most northerly colonies (colonies 33-37), indicating that there may be additional structure than is accounted for in the broad north/south split. These colonies are also using higher echolocation peak frequencies. Genetic distance and echolocation distance were significantly correlated, but this was no longer the case once geographic distance was accounted for. Likewise genetic and geographic distance were significantly correlated, but not when other measures of geographic distance were accounted for e.g., resistance or least cost distance. Considering that the mi crosatellites are neutrally evolving and the echolo cation PF showed no signature of local adaptation to minimise atmospheric attenuation, the differentiation at these northernmost colonies is probably due to drift both at the genetic level and for echolocation. This differentiation is likely facilitated by the geographic isolation of these colonies and their inferred low population size and is a further testament to the pop u la tion fragmentation occurring for this species in Ireland.
Differentiation between colonies may also be hastened if males are not dispersing. It is known that R. hipposideros females exhibit strong natal philopatry and it is thought that males disperse due to the lower proportion of adult males present in maternity colonies (6.7% -Gaisler, 1963b ). However, we did not find evidence for sex-biased dispersal in the current study and it is possible that males move only a short distance but return to (or close to) their natal colony toward the end of the summer to mate with non-relatives as occurs in R. ferrumequinum (Rossiter et al., 2006) which cannot be considered true dispersal. To date there is no genetic (or other) study to prove that there is male-biased dispersal in this species and our results question this assumption. Alternatively, it may be that there is sex-biased dispersal in R. hipposideros but we do not have the statistical power to detect this.
The estimates of current effective population size were very low, with lower estimates in the North-Range group than the South-Range (Table 5) . The motivation for estimating N e is that it is a central parameter in conservation biology but it is known to be extremely difficult to estimate in natural populations (Waples and Do, 2010) . The esti mates were lower than that found for the grey long-eared bat P. austriacus in its restricted distribution in England (Razgour et al., 2014) and suggest that neither of the differentiated groups of R. hip posi deros in Ireland would be viable in the long-term if differentiation continues. Population declines were supported in almost all colonies sampled (84%) with no geographic pattern to the declines. The size of the reductions ranged between 3-37% relative to the inferred ancestral population size (Fig. 5) . However, the point estimates for the time of decline had very wide confidence intervals (see Frantz et al. (2014) and Girod et al. (2011) for a discussion of this issue). These inferred declines, along with the low estimates for N e , low genetic diversity, population differentiation and isolation from other European colonies suggests that the Irish R. hippo sideros may be at particular risk of decline.
Previous studies examining the effects of landscape-level habitat fragmentation for R. hipposi deros found a positive association between maternity colony presence and proximity to, and extent of woodland (Austria -Reiter, 2004; UK -Boughey et al., 2011; France -Tournant et al., 2013) , with further evidence indicating that woodland-patch size constrains colony size (Reiter, 2004; Tournant et al., 2013) . This latter result could be explained following the results of the radio-tracking study by Reiter et al. (2013) which proved that R. hipposideros individuals are incapable of adapting their spatial foraging behaviour to compensate for degraded habitats (i.e. by flying further and using larger core foraging areas); a finding which has very strong conservation implications for this species. The findings of the current study did not robustly show the expected relationship between habitat variables and population genetic structure and this should be reexamined using fine-scale habitat suitability modelling, both in Ireland and elsewhere in the species distribution. Whilst the creation of the geographic break in the species distribution in Ireland is likely too recent to allow the detection of the full genetic consequences of this for the populations on either side of the divide, fine-scale habitat data may reveal associations within small habitat patches which correlate with genetic exchange between such patches. This knowl edge (accurate fine-scale mapping of connectivity between roosts) could then be used to inform conservation management, such as geographically targeted habitat restoration and connectivity improvements throughout the species distribution. Adequate roost provision and protection will also be key factors ensuring the long-term survival of this species in Ireland, given the species reliance on buildings. Modifications to allow access to modern buildings could also be helpful as typically built modern structures have long been known to exclude this species (Gaisler, 1963a) .
Habitat loss and fragmentation are likely affecting this species across its distribution, as well as other sedentary habitat specialists more generally. Habitat fragmentation has already been shown to have negative consequences for woodland birds (e.g., Sitta europaea - Verboom et al., 1991; Tetrao urogallus -Segelbacher et al., 2003; Strix alucoRedpath, 1995) and other woodland mammals (Coulon et al., 2004 (Coulon et al., , 2006 Verbeylen et al., 2009) . Indeed even for very widespread and wind pollinated tree species, the negative effects of habitat fragmentation across Europe have been detected in population genetic studies (European beech, Fagus sylvatica - Jump and Peñuelas, 2006; yew, Taxus baccata -Dubreuil et al., 2010) . The population structure of R. ferrumequinum in the UK was found to be two genetically isolated groups, one on either side of the Bristol Channel (Rossiter et al., 2000 (Rossiter et al., , 2006 . However it is not known whether this was caused by recent fragmentation or reflects ancient colonisation events (Rossiter et al., 2000 (Rossiter et al., , 2006 . Although the population genetic structure of R. hipposideros in the UK has not yet been examined, it could be predicted to show the same trend if habitat associations are the driving force of genetic differentiation in these species. Generally, research into the effects of habitat fragmentation on bat species have focused on activity patterns and behaviour or measures of species richness and diversity. However, few studies to date have examined the ef fects of habitat on genetic structure, diversity and gene flow (notable exceptions can be found in Meyer et al. 2009; Razgour et al., 2011 Razgour et al., , 2013 Razgour et al., , 2014 Struebig et al., 2011) .
The long-term viability of the two groups of R. hipposideros in Ireland is jeopardised by their limited geographic distributions and small population sizes, if connectivity is not re-established by recolonization of the region separating these groups. The effects of long-term isolation for small populations has already been documented in other bat species and includes reduced genetic diversity, increased population differentiation, inbreeding and reduced population size and genetic diversity (Dool et al., 2016b) , and predicted eventual extinction (Let tink and Armstrong, 2003) . In habitats which are already fragmented, many species may be at risk of eventual extinction even if no further habitat degradation takes place due to the time delay which often occurs between habitat perturbation and extinction; a phenomenon known as 'extinction debt' (Tilman et al., 1994) . This suggests that the maintenance of fragmented habitats would be insufficient to prevent future biodiversity loss and that landscape connectivity measures are urgently required if future losses are hoped to be avoided (Krauss et al., 2010) . Al though de-fragmentation through the use of connective elements such as hedgerows is important, it is perhaps not the optimal solution and should only be considered after habitat restoration by reforestation (Mortelliti et al., 2010) . At a minimum, the efficacy of such landscape linkages should be examined prior to implementation as not all species will positively respond to such measures, especially when, e.g. woodland cover is already too low (hazel dormouse, Muscardinus avellanarius - Mortelliti et al., 2011) . The re-establishment of connected wood land habitats may be complex and expensive but deserves to be prioritized. Once populations or species pass a tipping point, measures to restore them to a fa vourable conservation status are likely to be far more complex and financially unattainable.
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